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Introduction 39
It is widely accepted that proteinogenic L-amino acids (L-AAs) are essential in all kingdoms of life, 40 both as primary metabolites as well as elementary building blocks of proteins. In contrast, the 41 metabolism and functions of the D-forms of amino acids (D-AAs) is far less clear and defined. Major 42 reasons for this discrepancy are the large diversity and different functions of D-AAs in organisms. 43 For instance, bioactive peptides like octopine from octopus and scallop, antibiotics from bacteria and 44 opioids from frogs were among the first substances reported to contain D-AAs. ( The number of enzymes predicted to be specific for processing D-AAs annotated in plant genomes 72 imply much more functions for these amino acids than currently known (Naranjo-Ortíz et al., 2016). 73
However, it also raises the question about its metabolism in plants, especially how the abundance of 74 different D-AAs is regulated. On the one hand their contents have to be maintained at required levels 75
to ensure their activity. On the other hand, the intracellular concentrations must be limited below 76 toxic levels. This restriction is of specific importance due to the fact that the rhizosphere is the 77 natural major source of D-AAs for plants (Vranova et al., 2012) and that D-AAs are taken up by 78 roots in considerable amounts compared to L-AAs (Hill et al., 2011; Gördes et al., 2013) . In this 79 respect, the question arises which processes facilitate the catabolization of D-AAs in plants. 80
In the course of these previous studies D-Met got into our focus. This D-AA caused the greatest 81
conversion rates in almost all tested accessions of Arabidopsis thaliana except in Ler the mechanism and function of this phenomenon remains. In this paper we describe the identification and characterization of Arabidopsis loss-of-function 111 mutant alleles in the Columbia-0 (Col-0) accession for a previously characterized D-AA specific 112 transaminase called D-AAT (Funakoshi et al., 2008), which we named AtDAT1. Mutants of this 113 gene showed almost identical defects as Ler to metabolize D-AAs, with D-Met as strongest effector. 114
Indeed, we could show that the affected gene in Ler is an almost non-functional AtDAT1 allele. 115
Biochemical analyses revealed that this enzyme prefers D-Met as amino donor and pyruvate over 2-116 oxoglutarate as amino acceptor, confirming the preferential production of D-Ala in Col-0. The 117 discovery of AtDAT1 and its mutants gave us also the opportunity to verify the working model of D-118
AA-stimulated ethylene production in plants. We found that D-Met causes significantly higher 119 ethylene production and growth inhibition in atdat1 seedlings. According to the current working 120 model (see above) the increase in ethylene should be caused by a decrease in malonylation of ACC 121 due to the increase of malonyl-D-Met, leading to higher ACC oxidation. Although we found higher 122 malonyl-methionine concentrations in atdat1 seedlings after D-Met feeding as expected, the malonyl-123 ACC levels decreased equally in mutants and their respective wild type. This points to an additional, 124 yet unraveled, mechanism regulating D-AA-stimulated ethylene production in plants, which will be 125
PCR Genotyping and RT-PCR analysis of Arabidopsis Lines and Accessions 140
Plant DNA for PCR analysis was extracted from seedlings or leaves of adult plants according to 141
Edwards et al. (1991) . To determine zygosity of T-DNA insertion lines either a gene specific primer 142 and a border primer or two gene specific primers flanking the insertion (for primer combinations and 143 sequences see Supplemental Table S1) Germany) with the primer combination DAT1-Start/DAT1-A1 (Supplemental Table S1 ). 158
Amplificates were cloned into pENTR/D-TOPO according to manufacturer´s protocol (Thermo 159
Fisher Scientific, Karlsruhe, Germany), leading to the constructs pENTR-AtDAT1 (Col-0) and pENTR-160
AtDAT1 (Ler) . To create AtDAT1 coding sequences with the single point mutations A77T and T303S 161 the previously described clones were cleaved with Pst I and Not I, creating a 0.5 kb fragment. This 162 was then ligated from pENTR-AtDAT1 (Col-0) to pENTR-AtDAT1 (Ler) and vice versa, resulting in the 163 constructs pENTR-AtDAT1 (A77T) and pENTR-AtDAT1 (T303S) . After sequence verification of the 164 constructs they were all used for LR reaction using the kit form Invitrogen (Karlsruhe, Germany) 165 according to manufacturer's protocol into pGEX-2TM-GW (kindly received from Bekir Ülker) for 166 expression in E. coli with N-terminal GST tag and C-terminal His tag. Additionally, the pENTR-167
AtDAT1 (Col-0) and pENTR-AtDAT1 (Ler) were used for Gateway-based cloning into pUB-DEST-GFP 168 for expression in plants with C-terminal GFP tag. pENTR-AtDAT1 ( Supplemental Table S1 ). The respective fragment was cloned into pENTR/D-TOPO and then into 196 pMDC163 (Curtis and Grossniklaus, 2003), to be transformed into Arabidopsis by Agrobacterium-197 mediated gene transfer. 198
Histochemical staining of GUS activity was analyzed in plants of the T2-generation that had been 199 germinated on liquid media. For GUS staining seedlings and adult plants were washed in sodium 200 phosphate buffer and afterwards incubated overnight at 37°C in this buffer containing 1 mM X-Gluc 201
(5-bromo-4-chloro-3-indolyl-beta-D-glucuronic acid) and 0.5 mM K 3 Fe(CN) 6 . Afterwards 202 chlorophyll was removed for documentation by several washings with hot ethanol. 203
Recombinant Expression of AtDAT1 Variants in E. coli 205
E. coli strain BL21(DE3) RIL was transformed with cDNA of AtDAT1 variants in pGEX-2TM-GW 206 (see above) and grown in LB medium with appropriate antibiotics until they reached an OD 600 of 0.5. 207
Then expression was induced by addition to a final concentration of 0.1 mM isopropyl-β-D-208 galactoside (IPTG) and the culture was grown for 20 h at 18°C. Afterwards cells were pelleted by 209 centrifugation and washed once with TE buffer including 100 mM NaCl. After further centrifugation 210 cells were resuspended in 20 mM Tris, pH 8, with Protease Inhibitor Cocktail from Biotool 211 (Oberasbach, Germany). This suspension was sonicated and afterwards centrifuged with 18,000 x g 212 to clear the crude extract from cell debris. 213
The recombinant His-tagged AtDAT1 protein variants from this crude extract were purified with 214
Protino Ni-NTA agarose from Macherey-Nagel, (Weilmünster Germany) according to 215 manufacturer´s protocol. Therefore, the column was equilibrated and loaded with 10 mM imidazole, 216
washed with 20 mM imidazole, and elution of His-tagged proteins was achieved with 250 mM 217
imidazole. Imidazole was removed by dialysis with Float-A-Lyzer Dialysis Device from Roth 218 (Karlsruhe, Germany) in 10 mM potassium phosphate, pH 8. Protein content was determined with 219
the Bio-Rad Protein Assay (Bio-Rad, München, Germany) according to manufacturer´s protocol. 220
Specific detection of His tagged proteins on a western blot was achieved with a monoclonal His Tag 221 antibody conjugated to alkaline phosphatase (antikoerper-online.de, Aachen, Germany). 222 223
Enzyme assays to determine D-AA specific aminotransferase activity 224
The standard reaction mixture with 2-OG as amino group acceptor contained D-Ala (10 mM), 2-OG 225 (50 mM) and pyridoxalphosphate (PLP; 50 µM) in potassium phosphate buffer (100 mM, pH 8). For 226 assays with pyruvate as amino group acceptor D-Ala and 2-OG were replaced by D-Met (10 mM) 227
and pyruvate (50 mM), respectively. To determine substrate specificity, the tested D-AAs were all 228 applied in 10 mM concentration. All assay reactions in triplicates were started by addition of 3-8 µg 229
of purified protein, incubated at 37°C, and samples were taken at different time points up to 90 min. 230
Each sample was derivatized and the amino acids measured as described below. 231 The incubation time of derivatization was elongated to 3 h and the derivatized liquid volume was 241 adjusted with acetonitrile instead of methanol. 242
Almost all experiments were focused on the measurement of D/L-Alanine, D/L-Glutamate and D/L-243
Methionine. To determine and quantify these amino acids in plant extracts and enzyme assays 244 standard materials were purchased from Sigma-Aldrich (Steinheim, Germany). Other chemicals were 245 obtained in LC/MS grade from Roth (Karlsruhe, Germany). An Acquity-SynaptG2 UPLC-MS 246 system from Waters (Manchester, England) was used for quantification, operated in positive 247 electrospray ionization mode. The mass spectrometer was operated at a capillary voltage of 3000 V 248 and a resolution of 20000. Separation of the amino acids was carried out on a Waters Acquity C 18 249 HSS T3, 1.0 x 150 mm, 1.8 µm column with a flow rate of 50 µl/min and a 22 min gradient from 70 250 % water to 99 % methanol (both with 0.1 % formic acid). For quantification, 3 µl of sample were 251
injected and a 5-point calibration from 0.125 µM to 1250 µM was used. 252
The quantification of malonyl-methionine ([M+H + ] 218.022) and malonyl-ACC ([M+H + ] 188.050) 253
was performed relatively using the same LC/MS system described above. However, the stationary 254 phase was changed into a Waters Acquity C 18 HSS T3, 2.1 x 100 mm, 1.8 µm column, and a flow 255 rate of 0.2 ml/min with a 15 min gradient from 99 % water to 99 % methanol (both with 0.1 % 256 formic acid) was used for separation. The malonylated compounds were identified by the exact mass 257 of their molecular ion. 258 259
Analysis of ethylene 260
For assaying ethylene production, Arabidopsis seedlings were grown in glass vials (18 ml Homozygous plants for such insertion lines, SALK_011686 and SALK_111981 (denoted as dat1-1 281 and dat1-2, respectively; Figure 1a ), were isolated and propagated for further analyses (see Table S1  282 for primer sequences). RT-PCR analysis of AtDAT1 expression displayed no transcripts in dat1-1 and 283 dat1-2 mutants compared to the corresponding wild type (Col-0) ( Figure 1b ). However, the AtDAT1 284 transcript level in Ler seedlings was similar to the wild type Col-0, what was also observed elsewhere 285 (Lempe et al., 2005) . As shown before (Gördes et al., 2011), feeding with D-Met caused the highest 286 accumulation of D-Ala, D-Glu and its respective L-enantiomer in Arabidopsis seedlings. Therefore, 287 mutant and corresponding wild type seedlings were grown for 14 days on liquid ½ MS medium in 288 light, then supplemented with D-Met and subsequently analyzed for their AA contents. In sharp 289
contrast to Col-0, both insertion mutants of AtDAT1, were neither able to produce D-Ala, D-Glu nor 290 additional L-Met after application of D-Met. This AA profile was similar to that found in seedlings 291 of the Ler accession ( Figure 1c ). 292
Further in silico analyses of public transcriptomic data (Lempe et al., 2005) revealed that the 293 accession M7323S displayed a strongly reduced AtDAT1 transcript level, which could be confirmed 294 by RT-PCR ( Fig. 1b ). When this accession was grown on D-Met supplemented medium defects in 295
AA metabolism were observed ( Figure S1 ) like in Ler and the dat1 mutants. Sequencing of the 296 genomic locus and the cDNA of AtDAT1 from M7323S revealed that this gene contains a T→A 297 mutation at genomic position +1259. This leads to a nonsense mutation at the third position of a 298 cysteine codon (TGT) to a stop codon (TGA) at position 248 of the AA sequence (C248STOP) ( Fig.  299 1a). In contrast, sequencing the genomic locus and the cDNA of AtDAT1 from Ler just revealed two 300 missense mutations leading to AA exchanges of the peptide sequence (A77T and T303S) ( Fig. 1a ). 301
To examine whether these mutations in the AtDAT1 Ler allele are responsible for the metabolic 302 aberrations in this accession, we performed different genetic approaches. Firstly, ubiquitin promoter-303 driven expression of the AtDAT1 Col-0 allele in transgenic Ler plants led to the reconstitution of the 304 D-Met metabolism in Ler and its complementation of the dat1-2 mutant (Figure 2a ). Secondly, F1 305 seedlings derived from crosses between Col-0 and Ler and between Col-0 and dat1-2 displayed no 306 D-Met metabolization defect as observed in Ler and dat1-2, irrespective of the maternal origin, 307
whereas the offspring of Ler x dat1-2 did (Fig. 2b) . These data unequivocally prove the defect of 308
AtDAT1 function in the Ler accession and dat1-2 T-DNA insertion mutant. 309
To answer the remaining question about the reason for this defect in Ler, the expression of AtDAT1 310 was analyzed. As mentioned before the transcript levels of this gene appeared similar in Col-0 and 311
Ler (Figure 1b ). This observation was supported by analysis of pDAT1::GUS plants ( Figure S2a Ler showed no apparent differences in seedlings irrespective of the presence of L-Met or D-Met in 316 the media ( Figure S2b ). Subcellular mis-localization would have been another explanation for 317 affected AtDAT1 function in Ler. Therefore, GFP-tagged AtDAT1 protein variants derived from 318 cDNA of both ecotypes expressed under the control of the ubiquitin 10 promoter were transiently 319 transformed into tobacco leaves ( Figure S3 ). Both were found to be localized in all kinds of plastids. 320
Therefore, a possible mis-expression or mis-localization caused by the mutation in the Ler allele of 321
AtDAT1 seems not to be the reason of its aberrant D-Met metabolization. 322
A missense mutation of the AtDAT1 Ler allele leads to an almost complete loss of the 323 enzymatic activity 324
To clarify if the enzyme encoded by the Ler AtDAT1 allele is able to transaminate D-AAs, the Ler 325 (AtDAT1 (Ler) ) and Col-0 (AtDAT1 (Col-0) ) versions of AtDAT1 were expressed with an N-terminal 326
GST-tag in E. coli. After purification by affinity chromatography (for purification results see Figure  327 S4) their enzymatic capabilities were tested according to Funakoshi et al. (2008) . 328
To seek out the optimal substrate D-AA and experimental conditions, we initially tested AtDAT1 (Col- (Table S2),  332 whereas with pyruvate as acceptor almost all applied D-AAs (with the exception of D-Pro) led to the 333 formation of D-Ala (Figure 3 ). Furthermore, we measured an over 100 times higher activity for the 334 enzymatic reaction with pyruvate as acceptor than with 2-OG, irrespective of the D-AA used as 335 amino group donor (Table S2 ). The comparison of the AtDAT1 (Col-0) activities using different D-AAs 336
and pyruvate as substrates revealed that D-Met was the best tested amino group donor (Figure 3 ). 337
Using these two compounds as substrates we determined the K M and V max of AtDAT1 ( to cause this activity loss in AtDAT1 (Ler) . The alignment of DAT1 amino acid sequences from 346 different plant species revealed that the alanine at position 77 is more conserved than the threonine at 347 position 303 ( Figure S5 ). To analyze the impact of the mutations of AtDAT1 (Ler) , AtDAT1 (Col-0) 348 derived isoforms harboring single amino acid exchanges were also expressed as N-terminal GST 349
fusions in E. coli, affinity-purified and tested for their activity. Whereas the enzyme isoform with the 350 T303S amino acid exchange AtDAT1 (T303S) showed an activity comparable to AtDAT1 (Col-0) ( Figures  351  4a and 4b) , the mutation A77T led to a strong decrease in the production of D-Glu (Figure 4a ) and D-352
Ala (Figure 4b ) with 2-oxoglutarate or pyruvate as substrates, respectively. Instead, the enzymatic 353 defect of AtDAT1 (A77T) was quantitatively similar to that of AtDAT1 (Ler) . From these data we 354
concluded that solely this amino acid exchange is responsible for the activity loss of AtDAT1 in Ler.
355
But the data also revealed that the Ler variant is not completely inactive with about 5% remaining 356 activity in comparison to Col-0 ( Figure 4b) . 357 358
The loss of AtDAT1 leads to decreased seedling growth in response to D-Met 359
After identification of AtDAT1 as a central enzyme for metabolization of D-AAs, the question arose, 360
to which physiological effects in Arabidopsis growth and development the loss of AtDAT1 gene 361 function would lead. Under greenhouse conditions in soil growth of dat1-1 and dat1-2 mutant plants 362
could not be distinguished from Col-0 ( Figure S6) . 363
An obvious question in this respect was how these mutant lines would grow in presence of D-Met. 364 Germination on D-Met in concentrations of 500 µM affected dat1-1 and dat1-2 seedling growth 365 significantly compared to the corresponding wild type, whereas Ler took an intermediate position 366 (Figure 5a ). Testing this growth behavior in the dark revealed an even more pronounced growth 367 difference between dat1 mutants and Col-0 ( Figure 5a ). All these growth differences were specific 368 for D-Met, whereas the addition of the same concentrations of L-Met did not lead to these differential 369 effects (Figure 5a ). Altogether, D-Met inhibited seedling growth specifically in AtDAT1 affected 370 lines. 371 372
Atdat1 mutants display enhanced D-AA stimulated ethylene production 373
Especially the growth effects of dat1-1 and dat1-2 in the dark (Figure 5a ) indicate a triple response 374 caused by the gaseous plant hormone ethylene. This gets even clearer with a look on the hypocotyl 375 length of the four dark grown lines (Figure 5b ): There was a highly significant decrease of dat1-1 and 376 dat1-2 hypocotyl length of about one eighth compared to Col-0 grown on 500 µM D-Met. Increasing 377 L-Met concentrations also led to shorter hypocotyls, but to similar extent in mutants and wild type 378
plants. Furthermore, the growth inhibition was by far not as strong as with D-Met ( Figure S7 ). 379
To elucidate if this observation was really caused by ethylene we measured its production in Ler, 380 dat1 mutants and Col-0 grown in the dark. As it can be seen in Figure 6a the addition of 500 µM D-381
Met was sufficient to induce a significant increase of up to threefold of ethylene production in light 382
grown Ler and dat1 mutants compared to Col-0. Even stronger changes in ethylene production could 383 be observed for both dat1 mutant lines germinated in the presence of D-Met also in the dark, whereas 384
Ler displayed again an intermediate reaction (Figure 6b ). 385
As mentioned above the increase of ethylene production by D-AAs was attributed to competitive 386 malonylation of D-AAs instead of ACC, which should lead to enhanced ACC oxidation resulting in 387 higher ethylene concentration (S F Yang and Hoffman, 1984). To verify this assumption, we 388 measured the contents of malonyl-methionine and malonyl-ACC in D-Met treated seedlings. In these 389 measurements we detected a significant increase of malonyl-methionine in Col-0, Ler and dat1 390 seedlings upon D-Met treatment (Figure 7a and 7b ). This accumulation was far higher (up to 5 fold) 391
in both mutants compared to the corresponding wild type, irrespective of the light regime (Figure 7a  392 and 7b). Furthermore, Ler showed also a D-Met induced overaccumulation of malonyl-methionine in 393 the light (Figure 7a ), but not in darkness (Figure 7b ). 394
Since the amount of malonyl-ACC in these experiments was below our detection limit, we added 10 395 µM ACC to the media and measured once more malonyl-ACC in all lines. In this case we were able 396 to detect large amounts of malonyl-ACC in all treated lines, which decreased drastically upon D-Met 397 addition (Figure 7c and 7d ). D-Met induced malonyl-ACC reduction was not due to production of 398 malonyl-methionine caused by ACC, which was comparable with and without ACC addition (Table  399 S3). Nevertheless, there was no significant difference of malonyl-ACC reduction of Ler and dat1 400 mutants to Col-0 at higher D-Met concentrations (Figure 7c and 7d) . Our data indicate that transamination by AtDAT1 is responsible for major steps of D-AA turnover in Arabidopsis, which is reflected by its broad range of D-AA specificity 414 (Figure 3 ). Furthermore, we showed that the major product of this enzymatic reaction is D-Ala with 415 D-Met as the favored amino group donor as it was also the case when plants were fed with D-AAs. 416
Why D-Ala was known as a primary product of D-AA metabolization in plants could also be 417 answered by our studies. This effect is caused by the property of AtDAT1 to prefer pyruvate over 2-418 OG (Table S2 ). In comparison to the work of Funakoshi et al. (2008) , who used 2-OG as amino 419 group acceptor for their characterization of AtDAT1, our results revealed a higher V max with pyruvate 420 as substrate. Most interestingly, the different enzymatic activities with pyruvate and 2-OG as amino 421 acceptors with ratios of 100:1 and more (Table S2 ) were in a comparable range as the D-Ala/D-Glu 422 ratios found in plants after D-AA application (Gördes et al., 2011) . This preferential accumulation of 423 D-Ala in D-AA treated plants is in accordance to the presented preference for pyruvate as substrate 424 of AtDAT1. 425 A major question in our studies was the role of AtDAT1 in D-AA stimulated ethylene production. As 426 it could be shown in this report this phenomenon is tightly connected to AtDAT1. The loss of this 427 protein leads to a significant increase of ethylene after D-Met application ( Figure 6 ), resulting 428 primarily in shortening of the hypocotyl of dat1 mutants irrespective of the light regime ( Figure 5 ). 429
This treatment led also to an increased production of malonyl-methionine, especially in the dat1 430 mutants, and the content of malonyl-ACC developed reciprocally in all tested lines (Figure 7) . 431
Especially, the reciprocal malonylation capacity of D-Met and ACC implies that this is the reason for 432 the observed increase in ethylene production and enhanced triple response. But this conclusion has to 433 be reviewed critically, because no differences in ACC malonylation could be detected between D-434
Met treated Col-0 and dat1 mutants. At this point it must be noted, that in all previous studies the 435 production of ethylene in response to malonylation of ACC and D-AAs had been measured in 436
overnight feeding experiments. But the physiological growth responses and the contents of the plants 437 over a longer period of the treatment, like in the present study, have been shown in this study for the 438 first time. 439
The increased production of malonyl-methionine and ethylene without a decreased malonyl-ACC 440 production in dat1 mutants in comparison to the control raises the question if the original working 441 model of D-Met stimulated ethylene production needs an additional factor to explain our 442 observations. Such an explanation may be that malonylation is not the only way to regulate the ACC 443 level in plants. (2017)). To date neither the contribution of each of these ACC degradation 448 pathways to control the ACC pool nor their interplay has been studied, yet. It remains to be 449 investigated if D-Met, its malonylated form or the loss of this pathway have an impact also on the 450 alternative ACC degradation pathways. consequence the additional ACC would just be partially converted to ethylene. In dat1 mutants this 459 limiting effect of D-Ala would be lost and may explain the ethylene increase in these lines in 460 comparison to the corresponding wild type. The same lack of D-Ala production of dat1 mutants may 461 also contribute to the higher content of malonyl-methionine in the mutants, but also to the 462 comparable amount of malonylated ACC in all tested lines: It had been shown before that D-Ala also 463 partially inhibits the putative malonyl transferase (Kionka and Amrhein, 1984;Liu et al., 1985;Chick  464 and Leung, 1997). The malonylation of D-Met would then be limited by D-Ala in Col-0 but not in 465 DAT1 affected lines. If D-Met is the preferred substrate of the malonyl transferase, the lack of 466 significant differences between the tested lines in ACC malonylation would not be surprising. To 467 confirm these assumptions that D-Ala influences the D-Met stimulated ethylene production by 468
inhibiting This possibility would also offer an explanation why AtDAT1 is dispensable in particular 481
Arabidopsis accessions as it has been shown for Ler and M7323S in this report. In a habitat without 482 D-Met releasing bacteria in the rhizosphere, a recognition system for this compound would be also 483 dispensable for the plant. But this relation needs to be proven first. Interestingly, DAT1 encoding 484 genes seem to be found in almost all sequenced plant genomes (for a selection see Figure S5 ), and 485 ethylene production in other plant species than Arabidopsis is also induced by other D-AAs like D-486
Leu, D-Thr, D-Val or D-Phe (Satoh and Esashi, 1980; 1982; Liu et al., 1983 ). On the one hand it 487
would be interesting if also other D-AAs than D-Met cause differential growth effects and ethylene 488 production in dat1 mutants. On the other hand, it should be tested if DAT1 proteins from different 489 species have altered substrate specificities and therefore contribute to the adaptation of plants to 490 changing microbial environments. 491 5
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